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Experimental observation of nanoscale radiative heat flow due to
surface plasmons in graphene and doped silicon
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Owing to its two dimensional electronic structure, graphene exhibits many unique properties. One of them is a
wave vector and temperature dependent plasmon in the infrared range. Theory predicts that due to these plas-
mons, graphene can be used as a universal material to enhance nanoscale radiative heat exchange for any dielec-
tric substrate. Here we report on radiative heat transfer experiments between SiC and a SiO, sphere which have
non matching phonon polariton frequencies, and thus only weakly exchange heat in near field. We observed that
the heat flux contribution of graphene epitaxially grown on SiC dominates at short distances. The influence of
plasmons on radiative heat transfer is further supported with measurements for doped silicon. These results high-
light graphene’s strong potential in photonic nearfield and energy conversion devices.
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As described by Plancks law, farfield (FF) radiative heat
transfer (RHT) is a broadband phenomenon. In contrast in
near field (NF) [1-21] surface excitations such as phonon
polaritons and low frequency plasmons result in an im-
proved spatial coherence [16] and narrow bandwidths [8],
leading to an increase in energy density beyond the Planck
blackbody limit [1-3]. For materials such as SiC and SiO,
the surface excitations are attributed to ion-vibrations
[4,5], whereas for doped silicon [11] and graphene [10,
21] they are due to electronic vibrations (plasmons). For
these materials, the plasmon frequency can be tuned by
changing the amount of free carriers. In addition for gra-
phene the plasmon frequency w, is tunable by gating as it
depends on the Fermi level [22-24] furthermore the fre-
quency is wave number (q) and temperature dependent
[10]. Thus for a given Fermi level one can find a q for
which, in the mid IR, there is a plasmon frequency in
graphene that matches that of an excitation in another
material (fig. 1a). As a result theory predicts that NF RHT
is always enhanced when one or both of the dielectric
surfaces are covered with graphene [10].

New opportunities in NF have recently emerged
for thermo photo voltaics (TPV) [17-20]. It was previous-
ly suggested that in NF, surface excitations can enhance
the performance of TPV devices beyond the blackbody
limit such that larger efficiencies are reached at lower
operation temperatures. The almost monochromatic beha-
vior of NF RHT could yield higher energy conversion
efficiencies when properly matched to the bandgap of the
PV diodes [17-20]. For example, the frequency of plas-
mons depends on the carrier density, and can therefore be
changed by doping, in materials such as silicon. Optimiza-
tion of TPV efficiency in NF however is difficult due to
proximity effects [20]. Thus the RHT enhancing behavior
of graphene [21-26] may play an important role there [21].
While previous experiments reported RHT enhancements

due to phonon polaritons [4-6], to date no experiments
have reported the effect of plasmons or ultra thin films on
NF RHT, this is the aim of the present work.
Our experimental setup is a high vacuum interferometric
atomic force microscope (AFM) [5]. A bilayer lever that
is sensitive to heat flux [4] acts as probe above a plate that
is heated with a Peltier element [14]. The schematics of
the AFM and the calibration procedure of the bilayer
probe have been reported in ref. [14] in NF and FF. The
probe used here is the same as characterized in ref [14].
By fitting RHT measurements for a glass sphere and plate
with theory, we calibrated the lever sensitivity
S,=0.03740.008nW/nm and the point of contact due to
roughness dy=66 *9nm. In this study we used the follow-
ing plates: two 205nm silicon on 400nm insulator samples
(Sol 205/400, carrier densities ~10" (Sol15) and ~10"cm’
% (SoI20)), a bare SiC [0001] sample and two epitaxial
graphene on SiC (EG) [0001] surfaces with 1-2 (EG2) and
5-6 (EG6) graphene layers. Raman spectra at different
places on the surface (Witec 632nm) revealed the typical
graphene G- and 2D peaks [24] at 1588+7 and
2660+20cm™ respectively, for both EG samples (fig. 1b)
(See [24] for Raman spectra where the SiC contribution is
subtracted). The thickness of the EG films was estimated
with ellipsometry at 15 places on the surface to be
0.5+£0.05nm for EG2 and 1.5+0.2nm for EG6. Surface
roughness was probed with AFM. Our bare SiC sample
shows 0.8nm rms roughness with up to 30nm high peaks.

Graphene layers and pleats (of 20nm high) were typi-
cally present on EG surfaces (fig. 1d). For our measure-
ments both SiC and the EG samples were put together on
the Peltier ensuring equal experimental conditions. The
same was done for the two Sol samples.

Our bilayer lever, while it is rotated 90 degrees

[14], is also sensitive to an uncontrolled (probably elec-



trostatic) force. Note that it is not only unique to our setup
[4,14]. Whatever the origin of the force, we found that it
can be well characterized and subsequently removed from
the RHT signal [14]. For the samples used here, this signal
was small when compared to the measured RHT [14] but
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Figure 1; (a) Dielectric functions of SiO, and SiC scaled

to arbitrary values to compare phonon polariton

frequencies to Plancks law at 300K (shaded area) and

the q-dependent dielectric function of graphene. The

latter is for q in the interval [2.5-20]-10" cm™ (arrow),

n,=5-10"cm™ and the relaxation frequency is 10" rad/s

[10]. (b) Raman spectra for both EG samples. (c) Hall

measurements and theory (fits for 1 or 2 carrier types)

[25] for the EG2 sample. Sheet resistance is shown in the

inset. (d) AFM scans of the samples in this study.

not negligible. A correction is applied to the measured
data at AT>0 by subtracting the measured AT=0K data. In
the supplemental material [28] we show independent mea-
surements and additional analysis of the force measured at
AT=0 and 40K, that support our claim that it does not
change with temperature. We also found no evidence of
large temporal or spatial variations of this force. Further-
more we averaged measurements done at multiple spots
on the sample. We measured at 7 different locations for
both Sol samples, and at 15 different locations for SiC and
EG.

The efficiency of NF RHT for silicon and gra-
phene to other materials strongly depends on the plasmon
frequency [10,11,21], which in turn depends on the
amount of free carriers. For the samples used here the
carrier density n, and mobilities ¢ were determined by
Hall measurements (fig. 1c) in a van der Pauw configura-
tion, with 3mm distance between the contacts, at 4K and
300K using a cryogenic setup and magnetic field up to 5T.
For the Sol20 plate the Hall data agreed well for a single
type of carriers (holes) with n,=3.6:10"cm™ and
u=27cm’*/(Vs). We estimated n,=1.06:10"cm™ for the
Sol15 sample from resistivity measurements, as far as
RHT is concerned Soll5 behaves as intrinsic silicon. The
non linear Hall resistance as a function of magnetic field
measured in graphene, and significant magneto resistance
(fig. 1c) suggest that our EG samples have multiple types
of carriers (contribution from the several layers). One
could use the classical conductivity tensor method like in
[25] to estimate an average n;, and u of these carriers in
each of the graphene layers. However there are multiple
solutions to these equations. A simple 2-carrier systems
describe the Hall data well, with values in line with the
literature for EG2 and EG6 for nmy~1.5-4-10"?cm™ and
u~800cm’/(V-s). We stress that the Hall bar of 3mm is
fairly large and that the result integrate inhomogeneities,
defects, and spatial variation in ny,, u and the number of
EG layers, which complicates this analysis, and makes it
unsuitable for use in calculations that are compared to
local RHT measurements on microscale areas. It is gener-
ally accepted that most carriers in EG are n-type and re-
side in the layer closest to SiC with n,=2-4-1 0"cm™ and
u=1000-10000cm’/(V-s) [23-26]. Inner layers have very
low carrier densities (1,<-10"’cm™). The top layer is likely
to be almost undoped as well because our setup operates
in high vacuum and Tgmpe can reach 375K [27]. Since
layers with low carrier density barely contribute to the
RHT, we can treat our EG samples as a single conducting
layer. Therefore to analyze our RHT data, we will use the
present Hall results for doped silicon, and rely on the
literature data on micron size Hall bars for EG.

We used standard stochastic electrodynamics [1]
to calculate RHT between the two bodies and subsequent-
ly used the Derjaguin approximation to obtain results for
our plate-sphere system [29]. It is known that this approx-
imation predicts RHT well in NF [14], but underestimates
RHT in FF [14,15]. In the case of the Soll5 and Sol20
samples we used multilayer reflection coefficients in the
RHT theory. For the Sol20 sample, the carrier scattering
time was derived from u. Together with n, this defines the
Drude term for doped silicon [11]. SiC was optically
modeled as a single oscillator [8], and optical data for
graphite, silica and sodalime glasses were used from refs.
[30-33]. The RHT theory for graphene is based on [10], in
which values for n;, and ¢ from the literature are used.

In our plane-sphere case the FF RHT was much
larger than the NF RHT increase with distance (compare



N
=]
o

(a), (b)

+ Si10% carriers
o Si10'® carriers

W
=]
IN

(AT=30K)~(AT=0K)

deflection (nm)
N
o
deflection (nm)
N

=
o
o

FAT=0K

500 1000 1500 2000 2500 3000
calibrated distance (nm)

(d)

Si (200nm

SiO2 (400nm)

si 10

deflection (nm)
o L N w » (4] o

500 1000 1500 2000 2500 3000
calibrated distance (nm)

distance (m)

Figure 2: (a) Measurements of FF RHT for both Sol
samples. (b) NF RHT measurements for both Sol sam-
ples (see legend symbols 2a). Lever deflection is shown
for each AT. For curves with AT>0 the AT=0 curve is
subtracted. (c) Plane-plane RHT theory in which the
Hall results are used, between SiO, and both Sol sam-
ples. For the latter the multilayer structure is shown.
The dashed line represents the optimal Drude parame-
ters for which NF RHT theory matches best the experi-
mental results. (d) Measured average and standard
deviation due to spatial variation of NF RHT at 60K as
compared to theory (legend in fig. 2c for theory and fig.
2a for experiment applies).

fig. 2a and 2d). For this reason experiment was compared
to theory separately for the NF and FF regimes. For all the
measurements below, we used the calibration values, d,
and Sy, as obtained by fitting RHT theory to experiment
for the glass-glass measurements reported earlier [14].
The NF RHT-distance curves were shifted vertically so
that at 3um the values are zero for both theory and expe-
riment, and the FF contribution is effectively subtracted
from the NF curves. Then the measurements were shifted
horizontally to dy and theory was scaled with S;,

Figure 2 depicts measurements and theory for
RHT measured between the SiO, sphere and the Sol
plates. In FF we found that RHT was almost the same for
the two Sol samples (fig. 2a). The measured FF RHT was
25% lower for SiO,-Silicon than for Si0,-SiO, (see ref.
14), in good agreement with theory. In NF our measure-
ments (fig. 2b) indicate a reduced RHT from plate to
sphere for the doped Sol20 sample as compared to the
Soll5 sample. We found that RHT increased more rapidly
with decreased distance for the Sol20 sample, which is
indeed due to the surface plasmon as predicted by theory
(fig. 2¢). In the plane sphere case RHT is integrated over
the sphere area and therefore varying distances. For the
present sphere the distance regime around 1um has a do-
minant effect. At 1um, between parallel plates, RHT is
larger for the Soll5 sample (fig. 2¢). Nonetheless theory
and experiment are in reasonable agreement and for both
samples and the general behavior is well reproduced (fig.
2d).
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Figure 3: (a) Measured FF RHT. (b) Plane-plane theory
between SiO2 and SiC, bulk graphite or EG (single layer
n=2-10"cm™ ~ u=5000 cm’/(V's)  with plate
temperatures 300 and 360K. Theory [10] is valid above
25nm (vertical dashed line). (c) Average and standard
deviation due to spatial variations, of NF RHT
measurements. Theory (grey area) for SiC-silica is also
shown in the plane-sphere case. (d) Experimental and
theoretical difference in NF RHT between EG-glass and
SiC-Glass for AT=60K. Here the optical properties of
glass matter less in the theory.

Uncertainty in the theory is depicted by plotting
the RHT results as an area instead of a line. For the SoIl5
sample we used different dielectric data for silica [31-33].
For the Sol20 sample we varied n, by a factor two around
the measured value from 1.8 to 7.2 10°’cm™ with corres-
ponding scattering times of /5.5-3.7fsec as obtained from
4 [11]. The optimal parameters for the Sol20 sample were
0,=1.3-10cm™ with a relaxation time of I0fsec (fig.
2¢,d), which is close to the Hall results. With these values,
there is an excellent agreement between theory and mea-
surement in NF (dashed line fig. 2d), and calculated FF
underestimates experiment by 20% (figs. 2a,c). Apart
from experimental errors in the Hall and RHT measure-
ments additional uncertainty in the calculated curve may
come from the use of tabulated optical properties for the
400nm buried oxide (which was modeled as bulk silica).
Note that FF RHT is also much more affected by the oxide
multilayer structure. Calculations indicated that the effect
of the multilayer structure (this thin film effect as com-
pared to bulk Si is not shown in fig. 2¢) yielded a 15%
increase in FF RHT for the SoI20 sample and a 15% de-
crease for the Soll5 sample as compared to bulk silicon,
while the RHT increase in NF was hardly affected. For
doped silicon we could obtain very good agreement with
theory by slightly varying n, around the measured values.
But for intrinsic silicon there were no parameters in the
theory that could be varied. We suspect that the Derjaguin
approximation may be less accurate here because the NF
RHT is barely distant dependent in this case (fig. 2c, [28]).

Results for EG are shown in figure 3. In FF we
found that graphene had almost no effect on the RHT (fig.



3a). In NF it was clear from each individual measurement
curve that, graphene enhanced the RHT significantly be-
low 200nm (fig. 3c,d). This means that the RHT has in-
creased considerably for the area of the sphere closest to
the graphene surface (fig. 3b). Note that, on the contrary,
RHT would have decreased for bulk graphite (fig. 3b).
Furthermore we found no measurable difference in NF
RHT between the EG2 and EG6 samples as seen in fig.
3c,d. This result is in agreement with a single layer analy-
sis, and the assumption that the doped graphene layer at
the interface dominates.

The calculated NF RHT for SiO,-SiC in a plate-
plate configuration was found to vary by a factor of 5 for
different sets of dielectric data for SiO, [28, 31-33]. In the
plate-sphere case for SiO,-SiC the calculations varied
significantly but only within 20%. For calculations based
on the dielectric data of sodalime glass [32,33] the results
were 20% higher than the experimental result. The precise
result strongly depended on the absorption of silica in the
range of the phonon-polariton peak in SiC. Additional
uncertainty may come from the use of an oscillator model
for SiC.

By taking the difference between the experimen-
tal curves with and without graphene, we extracted the
effect of graphene on the NF RHT. In fig. 3d, NF RHT
calculations for graphene, based on ref. [10] with values
for n,=/2,4]-10" cm™ and u=[1000,10000] cm’/(V-s) as
found from the literature, are compared to experiment
without any other adjustable parameters. In general we
found that the RHT calculations were much more sensi-
tive to ny, than on . Also n, and u in graphene depend on
each other as graphene with lower #n, has higher u. The
effects on RHT calculations offset each other to some
extent, and the agreement with RHT experiment remains
good for a wide range of n, and u values.

Concluding we have experimentally shown that
thermally excited plasmons in doped silicon and EG on
SiC substantially increase NF RHT. It is intriguing to see
that one or a few atomic layers can completely alter NF
RHT and that graphene can enhance RHT for materials
with non-matching surface excitations. SiC is often used
as a cheap emitter in FF TPV devices, and is one of the
most promising candidates for large scale graphene fabri-
cation. EG grown on SiC may therefore serve as a base for
future plasmonic NF TPV devices with increased efficien-
cy beyond the blackbody limit.
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